The aim of this study was to interrogate the heterogeneity of colorectal mucinous adenocarcinomas. This study is based on hierarchical clustering approach combining clinicopathological and molecular patterns known to be relevant to oncogenesis and therapeutic management of patients with colorectal carcinoma, ie, microsatellite instability, O6-methylguanine-DNA methyltransferase (MGMT) status, KRAS, and BRAF mutations and wnt signaling pathway activation. Comparison of the study group of 60 mucinous adenocarcinomas defined according to World Health Organization classification with control group of 136 colorectal adenocarcinomas successively removed shows higher frequency of BRAF and KRAS mutations and microsatellite instability-high status and lower frequency of wnt signaling pathway activation in mucinous adenocarcinomas. Hierarchical clustering isolated three relevant clusters: (i) cluster of microsatellite stable mucinous adenocarcinomas (54%) with KRAS mutation, and frequent MGMT changes, more frequently located in the left colon, often associated with contiguous precursor adenoma; (ii) cluster of BRAF-mutated mucinous adenocarcinomas (28%) with either microsatellite instability-high or microsatellite stable status, occurring in elderly female patients, nearly all located in the right colon, having the signature of serrated pathway of carcinomas; and (iii) a heterogeneous cluster of microsatellite instability-high mucinous carcinomas (18%), including inherited colorectal carcinomas, displaying a high-grade histological pattern. Age, TNM stage, and BRAF mutation had prognostic value. Hierarchical clustering analysis led to the identification of several clinicopathological entities of colorectal mucinous adenocarcinomas with epidemiologic, prognostic, and therapy relevance. Both KRAS and BRAF mutations appear as drivers in the alternate oncogenetic pathways governing the development of sporadic colorectal mucinous adenocarcinomas.
Mucinous adenocarcinoma is a histological subtype of colorectal carcinomas, first described by Parham in 1923 . 1 According to the World Health Organization definition, 2 mucinous adenocarcinomas are tumors comprising more than 50% extracellular mucin. Tumor cells float in mucin pools, often lined by strips of polarized mucin-producing tumor cells. Historically, the main clinicopathological and molecular characteristics of mucinous adenocarcinomas were inferred from studies aimed at comparing these tumors to non mucinous adenocarcinomas. [3] [4] [5] [6] [7] These studies have led to a seemingly homogeneous representation of mucinous adenocarcinomas, resulting in stereotypes such as location in the right colon, microsatellite instability status, and poor outcome. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The aim of the present work is to examine the potential heterogeneity of colorectal mucinous adenocarcinomas on the basis of a hierarchical clustering approach combining clinicopathological and molecular patterns. To this end, besides the classical main clinicopathological parameters of colorectal carcinomas, we introduced in the hierarchical clustering molecular parameters. These include microsatellite instability status, wnt signaling pathway activation, KRAS, and BRAF mutational status. In fact, these parameters belong to distinct pathways of colorectal oncogenesis [13] [14] [15] and are commonly evaluated in a clinical setting. 16, 17 We added the evaluation of O6-methylguanine-DNA methyltransferase (MGMT) status in terms of promoter methylation and protein expression, the loss of this enzyme being responsible for deficit repair of alkylation-based DNA alterations. 18 
Materials and methods

Patients
Patients diagnosed with primary invasive adenocarcinoma of the colon or rectum showing mucinous differentiation, accessioned at the Department of Pathology at the University Hospital of Nantes, France, between 2004 and 2012 were identified by review of an institutional file. Adenocarcinomas of the rectum treated by neoadjuvant therapy were excluded from this study, as well as the adenocarcinomas of the appendix. A cohort of 136 patients with colorectal adenocarcinomas, not otherwise specified, without any mucinous component and a cohort of 30 patients with colorectal adenocarcinoma with mucinous component accounting for o50% of the tumor volume successively removed in our institution served as control groups. Mucinous adenocarcinoma was defined according to 2010 World Health Organization classification 2 if 450% of the lesion is composed of pools of extracellular mucin that contain malignant epithelium as acinar structures, layer of tumor cells, or individual tumor cells including signet ring cells. The pathology reports and hospital charts were reviewed, and the following information was obtained: age, gender, presence of risk factors including colorectal polyposis syndrome and inflammatory bowel disease, type of initial surgical procedure, and the anatomic site of tumor at initial presentation. The investigations were carried out according to the French Ethical Laws. Informed consent was obtained for the collection of specimens declared at the local Ethical Committee under the n°RC_0307.
Pathological Evaluation
All cases of colorectal adenocarcinoma diagnosed as having mucinous component were histologically reviewed, and the following histological features were recorded for each tumor: percentage of tumor volume composed of extracellular mucin, percentage of acinar pattern, and polarized cell layer pattern defining a high and a low grade of mucinous adenocarcinomas, respectively, and finally the presence or absence of signet ring cells floating in the mucus or poorly cohesive in the desmoplastic stroma. Presence of tumor-infiltrating lymphocytes and Crohn-like reaction defined according to Bethesda guidelines was assessed. 19 In addition, the extent of invasion, lymph nodes metastases, lymphatic invasion, perineural invasion, extramural venous invasion, presence and type of precursor lesion, and finally synchronous colorectal polyps or colorectal carcinomas were scored. Tumor heterogeneity was considered when two or more distinct histological types, defined according to World Health Organization classification, were distinguished in a same tumor and the percentage of each distinct component was assessed.
Immunohistochemistry
Three micrometer sections of selected formalin-fixed paraffin-embedded tissue blocks were immunostained with the primary antibodies detailed in Table 1 using peroxydase-labeled polymer method (Envision Flex Plus kit, Dako, Glostrup, Denmark) in a Dako Autostainer after elimination of endogenous peroxydase.
Mismatch Repair and MGMT Proteins
In tumor cells, MGMT, MLH1, MSH2, MSH6 and PMS2 expression was assessed as retained (normal) or lost. The nuclear expression of MGMT, MLH1, MSH2, MSH6 and PMS2 in intratumoral lymphocytes or peritumoral normal tissue served as positive internal control.
Methylation of MGMT and MLH1 Gene Promoter
MLH1 and MGMT promoter methylation was determined using MethyLight technique. Tumor DNA was extracted from paraffin sections using iPrep TM Charge Switch Forensic in automated iPrep TM 
Clusters of mucinous adenocarcinomas
Purification instrument (Invitrogen, Carlsbad, CA, USA). Genomic DNA was then treated with bisulfite using Epitect Bisulfite kit (Qiagen, Hilden, Germany). Primer sequences of MLH1 promoter for the methylated reaction were 5′-AGGAAGAGCGGATA GCGATTT-3′ (sense) and 5′-TCTTCGTCCCTCCCTA AAACG-3′ (antisense). Primer sequences of MLH1 promoter for the methylated reaction were 5′-TGTG TTTTAAGGGGAAGATGG-3′ (sense) and 5′-CCAA TACCTATCCCCACCTC-3′ (antisense). The CoL2A1 control reaction was used to normalize for bisulfiteconverted input DNA. The loci were considered to be methylated if the percentage of methylated reference was higher than 10. 20 
Microsatellite Instability Status
For determining microsatellite instability status, DNA was extracted from 10 µm-thick sections. The microsatellite instability status was determined by PCR, by amplifying the five mononucleotide markers BAT25, BAT26, NR21, NR22 and NR24, designed and validated previously. 21 
Assessment of Nuclear Beta-Catenin Expression
Immunohistochemistry for beta-catenin was assessed as surrogate marker for wnt/beta-catenin signaling pathway activation in mucinous adenocarcinomas and controls. The number of nuclei immunostained for beta-catenin was quantified in the center of mucinous carcinomas in three different fields at × 400 magnification, representing the areas the most enriched in beta-catenin-positive nuclei scanned at a low magnification. The beta-cateninpositive nuclei in the tumor cells were then counted with the NE Elements Imaging Software (Nikon, Edo, Japan).
Mutational Analysis of CTNNB1
In MSI-H colorectal mucinous adenocarcinomas, exon 3 of CTNNB1 gene was amplified by PCR using the following primers: forward 5′-TGTAAAACG ACGGCCAGTGAACCAGACAGAAAAGCGGCTG-3′ and reverse 5′-CAGGAAACGGCTATGACCACTCAT ACAGGACTTGGGAGG-3′. 22 Sanger sequencing of PCR products was performed using Big Dye Terminator v1.1 cycle sequencing kit (Thermo Fisher Scientific) and run on a ABI prism 3130XL automatic sequencer (Applied Biosystems).
Mutational Analysis of BRAF and KRAS
Analysis of BRAF and KRAS was performed by automated sequencing. The fragments encompassing exon 15 of gene BRAF and exon 2, 3, and 4 of gene KRAS were amplified by PCR. PCR products were purified and sequenced on a ABI Prism 3130XL automatic sequencer (Applied Biosystems) using the Seqscape software (Applied Biosystems).
Hierarchical Clustering Analysis of Mucinous Adenocarcinomas
Data were specifically reformatted for the hierarchical clustering analysis. For mutation of BRAF and KRAS, microsatellite instability, a three-point scale was used where 0 = no mutation or no microsatellite instability; 1 = uninterpretable, and 3 = mutation or microsatellite instability. For nuclear beta-catenin expression, a four-point scale was used where 0 = 0-o 10% of positive nuclei, 1 = uninterpretable, 2 = ≥ 10-o 50% of positive nuclei, and 3 = ≥ 50% of positive nuclei. For MLH1, MSH2, and PMS2 expressions, a three-point scale was used where 0 = normal expression (positive), 1 = uninterpretable, and 3 = loss of expression (negative). Finally for MGMT, a three-point scale was used where 0 = normal expression and no MGMT methylation promoter, 1 = uninterpretable, and 3 = either loss of expression and/or MGMT promoter methylation. Hierarchical clustering analysis was performed using Cluster and Tree View software, freely available at http://rana.stanford.edu/software/. 23 Intraoperative and clinical follow-up data were obtained from hospital charts. Disease-specific survival was measured from the date of surgery to the date of death related to colonic carcinoma (ie, death unrelated to colonic carcinoma was censored at the time of death). Univariate survival analysis was performed using the log-rank test and illustrated using Kaplan-Meier Curves. P-values o 0.05 were considered statistically significant. Statistical analysis was performed using SAS software version 9.3 for Windows (SAS Institute, Cary, NC, USA).
Results
Histological Analysis of Mucinous Adenocarcinomas
A total of 845 primary colorectal carcinomas were surgically removed from 2004 to 2012. Of these, 60 (7.1%) could be considered as mucinous adenocarcinomas according to the criteria of 2010 World Health Organization classification. 2 As described in the World Health Organization classification, mucinous adenocarcinomas were further subdivided into two groups according to their architectural phenotype: (i) mucinous adenocarcinomas consisting in polarized epithelial cell layers lining pools of mucin (low-grade mucinous adenocarcinoma: n = 37, 62%) ( Figure 1a) ; and (ii) mucinous adenocarcinomas with acinar structures floating within pools of mucin (high-grade mucinous adenocarcinoma: n = 23, 38%) ( Figure 1b ). Forty nine mucinous adenocarcinomas were entirely composed of extracellular pools of mucin, whereas 11 cases had variable proportion of extracellular mucin (between 50 and 90%). Finally, a signet ring cell component was observed in 13 mucinous adenocarcinomas ( Figure 2 ). Signet ring cells were more frequently detected in the mucinous adenocarcinomas with acinar structures floating within extracellular pools of mucin than in mucinous adenocarcinomas with polarized epithelial cell layers lining pools of mucin (10/23 (43%) vs 3/37 (8%) (χ 2 -test: P = 0.001). Furthermore, component of signet ring cells with infiltrative growth pattern in desmoplastic stroma was present in 6 of these 13 cases (46%). Tumor-infiltrating lymphocytes were detected in 11 mucinous adenocarcinomas (18%) and Crohn-like reaction in 12 mucinous adenocarcinomas (20%).
Nuclear Beta-Catenin Expression
The rate of nuclear expression of beta-catenin was assessed to evaluate the activation level of wnt signaling pathway in the tumor core. Beta-catenin was expressed in 0-92% of tumor cell nuclei (mean number = 21%). Only two cases had no nuclei (0%) immunostained for beta-catenin. The mean number of tumor cells with nuclear beta-catenin expression was lower in mucinous adenocarcinoma than in the control group of adenocarcinomas, not other specified (21% vs 30%; Mann-Whitney test, P = 0.002) and slightly higher than in the control group of adenocarcinoma with mucinous component (21% vs 16%, P = 0.891) ( Table 2) .
KRAS Mutational Status
KRAS exon 2 mutation was detected in 24 of the 60 mucinous adenocarcinomas (40%). Although the KRAS mutation rate was higher in mucinous adenocarcinomas than in the control group of adenocarcinomas, not other specified (45/136; 33%), the difference was not statistically significant. KRAS mutations were as frequent in mucinous carcinomas 
BRAF Mutational Status
Seventeen (28%) mucinous carcinomas harbored BRAF mutation. All of these mutations were the driver mutation V600E but one (G596R). The rate of BRAF mutation in mucinous carcinomas was significantly higher than in the control group of adenocarcinomas, not other specified (4/136; 3%) (χ 2 -test: Po0.0001). The rate of BRAF mutation was higher in mucinous carcinomas than in adenocarcinomas with mucinous component but the difference was not statistically significant (28% vs 17%; Fisher exact test: P = 0.226).
Microsatellite Instability Status
Twenty of the 60 (33%) mucinous adenocarcinomas showed high degree of microsatellite instability: 17 with concurrent loss of MLH1 and PMS2 expression at the immunohistochemical level, 2 with concurrent loss of MSH2 and MSH6 immunohistochemical expression, and 1 with isolated loss of PMS2 immunohistochemical expression. Of the 20 mucinous adenocarcinomas with high degree of microsatellite instability, 9 (45%) were positive for BRAF mutation. Microsatellite instability was associated to a proved Lynch syndrome in two patients with mucinous carcinomas. MLH1 methylation was detected in 18 cases, including 10 BRAFmutated mucinous adenocarcinomas and 1 mucinous adenocarcinoma associated to Lynch syndrome.
In the control group of adenocarcinomas, not other specified, 5 of the 136 (4%) tumors showed high degree of microsatellite instability (χ 2 -test: Po0.0001), whereas in the control group of adenocarcinomas with mucinous component, 10 of the 30 tumors (33%) showed high degree of microsatellite instability (χ 2 -test, P = 1).
MGMT Promoter Methylation and Loss of MGMT Expression
MGMT hypermethylation was found in 17 of the 60 mucinous adenocarcinomas (28%), whereas immunohistochemical loss of MGMT expression was observed in 14 adenocarcinomas (23%) (Figure 3 ). MGMT promoter methylation was highly correlated with loss of MGMT expression (P o 0.001) but they did not match perfectly. A loss of MGMT expression was observed in three cases with no MGMT promoter methylation and the MGMT expression was conserved in six tumors with MGMT methylation. Finally a total of 20 mucinous carcinomas were associated with MGMT changes, ie, either a loss of MGMT expression or MGMT promoter hypermethylation. The frequency of KRAS G4A mutation was significantly higher in mucinous adenocarcinomas with immunohistochemical loss of MGMT expression (7/14, 50%) than in mucinous adenocarcinomas with MGMT expression (8/46, 17%, P = 0.013).
Clinical Outcome
Follow-up data were available for 58 of the 60 patients with mucinous adenocarcinomas. The mean duration of follow-up was 34 months (1-105 months). The prognostic significance of (i) each single molecular parameter, (ii) demographic and clinicopathological parameter, including microsatellite instability status was determined using univariate and multivariate statistical analysis.
In the univariate analysis, only age of patients at the diagnosis had a prognostic value (HR 1.05, 95% CI 1.02-1.09, P = 0.0033). The prognostic value of BRAF mutation exhibited a tendency toward significance (HR 1.97, 95% CI 0.92-4.23, P = 0.0754). In the multivariate survival analysis using Cox's regression model, age at the diagnosis, BRAF mutation, and TNM stage 4 had an independent negative association with overall survival (Table 3) .
Hierarchical Clustering of Mucinous Adenocarcinomas
The hierarchical clustering analysis was based on molecular data described previously, ie, nuclear beta-catenin expression, KRAS and BRAF mutational Figure 4 . The first cluster (C1) consisted of 24 mucinous adenocarcinomas with KRAS mutation and microsatellite stable status. In this cluster, MGMT changes were frequent (13 of 24 (54%); P = 0.01 vs other clusters). These mucinous carcinomas were often located in the left side (14/24 (59%)) and were frequently combined with detectable precursor lesions such as advanced villous adenomas, tubulo-villous adenomas, or even traditional serrated adenomas. As for all the other clinicopathological features, the rate of nuclear betacatenin expression was not different to that of the control group of adenocarcinomas, not other specified. The second cluster (C2) consisted of 17 BRAFmutated mucinous carcinomas. The number of elderly patients, essentially females, was higher in this cluster (Table 4) . Notably, this cluster comprised as many microsatellite instability-high mucinous carcinomas (9/17) as microsatellite stable mucinous carcinomas (8/17) . However the rate of nuclear betacatenin expression was significantly lower than those of all other clusters (Mann-Whitney test, P o 0.0001) as well as of that of control group of adenocarcinoma, not other specified (P = 0.002).
Some of the C2 mucinous adenocarcinomas harbored MGMT changes. Finally, according to the results of the clinical outcome study, this cluster had the worse prognosis. The third cluster (C3) consisted of 11 microsatellite instability-high mucinous carcinomas, termed as 'microsatellite instabilityhigh null' because KRAS and BRAF mutations were lacking. Some of their clinicopathological findings were significantly different. All the cases were located in the right colon (C3 vs others, Fisher exact test, P = 0.01) and most exhibited histological patterns associated with high grade of differentiation (C3 vs others, Fisher exact test P = 0.001), including signet ring cell floating in mucin pools (P = 0.002) and component of signet ring cells with infiltrating growth pattern (P = 0.007). This cluster was also more frequently associated with Crohn-like reaction (Fisher exact test; P = 0.01). Tumors-infiltrating lymphocytes were as frequent in this cluster as in BRAFmutated mucinous adenocarcinoma cluster, but significantly more frequent than in clusters C1 and C4. The patients with Lynch syndrome were included in this cluster. In this cluster, the rate of nuclear beta-catenin was lower than in cluster C1 and C4, but significantly higher than in cluster C2 (Mann-Whitney test, P = 0.001). Notably, betacatenin exon 3 mutations (pSer45del and pSer45Phe) Clusters of mucinous adenocarcinomas were detected in mucinous carcinomas of the two patients with proved Lynch syndrome. In these two cases, beta-catenin was expressed in 20 and 35% of tumor cell nuclei. No MGMT change was recorded in this cluster. MLH1 promoter methylation was present in 8 of the 11 cases of this cluster. As shown in Figure 5 , this cluster was probably the most heterogeneous clinically. The fourth cluster (C4) consisted of eight mucinous carcinomas and was termed 'microsatellite stable null' because KRAS and BRAF mutations were lacking. Although this cluster shared many features with cluster C1, MGMT changes were less frequent. The rate of nuclear beta-catenin expression was not different to those of cluster C1 and control group of adenocarcinomas, not other specified (31% vs 32% and 31% vs 30%, respectively, Mann-Whitney test; P = NS). Globally, this cluster did not show significant difference with the control group of adenocarcinomas, not other specified, except mucinous histological pattern.
A hierarchical clustering analysis of adenocarcinomas with mucinous component o50% was undertaken (see Supplementary figure) . Adenocarcinomas with mucinous component can be divided into three groups: microsatellite stable, KRAS-mutated (n = 11; 36%), microsatellite stable null (n = 9, 31%), and microsatellite instability-high carcinomas (n = 10; 33%). In comparison with clusters of mucinous adenocarcinomas, there were some differences: all the BRAF-mutated carcinomas fall in microsatellite instability-high tumors and BRAF wild type, microsatellite instability-high cluster included one tumor harboring KRAS mutation and MLH1 promoter methylation associated with conventional villous adenoma (25%). 
Discussion
Our understanding of colorectal mucinous adenocarcinomas is historically based on two approaches. First, a descriptive pathological approach has identified some clinicopathological characteristics. 3, 4 Second, the availability of molecular techniques allowed reconsidering the colorectal mucinous adenocarcinomas based on molecularly defined characteristics. 5-7,9,10 Here we present a convergent approach based on hierarchical clustering that integrates both clinicopathological and molecular Figure 4 Hierarchical clustering analysis of 60 colonic mucinous adenocarcinomas. In a first step, the tumors are grouped on the basis of the relatedness of KRAS and BRAF mutational status, nuclear beta-catenin expression, microsatellite instability status, MGMT changes (either loss of MGMT expression or methylation of MGMT promoter gene), and loss of MSH2 expression. Then, the patients are sorted out according to their degree of relatedness in the selected profile. The dendograms show two dimensions of clustering, ie, the association between the biomarkers (top) and the association between the patients (left hand side). KRAS mutation, BRAF mutation, microsatellite instability status, MGMT changes, nuclear beta-catenin expression ≥ 50% of cells in tumor core, and loss of MSH2 expression are represented as bright red blocks; nuclear beta-catenin expression comprised between ≥ 10% and o50% is represented as dark red blocks; no KRAS mutation, no BRAF mutation, microsatellite stable status, no MGMT change, nuclear beta-catenin expression o 10% in cells of tumor core, and MSH2 expression are represented as green blocks. The look-up in the right side of the figure details some clinicopathological features of the tumors: first column, identification of the studied cases; second column, location of tumor; third column, histological subtype of tumor; fourth column, contiguous precursor polyp if any, fifth column: associated colonic or extra-colonic carcinomas, inflammatory bowel disease or proved inherited colorectal cancer syndrome if any. Four clusters of tumors were hence selected, namely cluster 1 as KRAS-mutated mucinous adenocarcinomas, cluster 2 as BRAF-mutated mucinous adenocarcinomas, cluster 3 as 'microsatellite instability-high null' mucinous adenocarcinomas, and Cluster 4 as 'microsatellite stable null' mucinous adenocarcinomas. CLR, Crohn-like reaction; isrc, infiltrating growth pattern of signet ring cells; MD, acinar pattern or high grade; MGMT, O6-methylguanine-DNA methyltransferase; MSI, microsatellite instability; MSS, microsatellite stable; NOS, no other specified; PD, signet ring cells component; SSA, sessile serrated adenoma; TA, tubulous adenoma; TIL, tumor-infiltrating lymphocytes; TSA, traditional serrated adenoma; TVA, tubulo-villous adenomas; VA, villous adenoma; WD, polarized epithelial cells layer or low grade.
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Clusters of mucinous adenocarcinomas characteristics that underlines the heterogeneity of this group. Basically, our approach based on hierarchical clustering analysis of colorectal mucinous adenocarcinomas exploited microsatellite instability status, BRAF and KRAS mutational status, and WNT/betacatenin signaling activation. MGMT changes were integrated in this hierarchical clustering analysis because of its known involvement in colorectal oncogenesis through its role as a tumor suppressor function. 25, 26 In a first step, in comparison with a control group of colorectal adenocarcinomas, not other specified, colorectal mucinous adenocarcinomas showed four distinctive major molecular features: (i) significant higher frequency of BRAF mutation, (ii) significant higher frequency of high level of microsatellite instability, (iii) slightly higher frequency of KRAS mutation, and (iv) significant lower wnt/beta-catenin signaling activation in the tumor core. Globally, nearly 70% of colorectal mucinous adenocarcinomas had a constitutional activation of RAS/RAF/MAP kinase pathway, suggesting that this pathway plays a role in the development of mucinous adenocarcinomas. In the present series, KRAS mutation was the molecular abnormality most frequently detected in mucinous adenocarcinomas. The percentage of colonic mucinous adenocarcinomas in our cohort (7.4%) was in the lower range of incidences reported in western countries (7-19%) . [27] [28] [29] The clinicopathological and molecular findings of colorectal mucinous adenocarcinomas included in the present series were similar to those of the series recently reported by Andrici et al, 30 including 264 patients with mucinous adenocarcinomas in order to evaluate the prognostic value of microsatellite instability-high status. However, in the present study, the rate of males was slightly higher than the rate of females and the ratio of colorectal mucinous adenocarcinomas harboring BRAF mutation and high level of microsatellite instability were slightly lower (28% vs 35% and 33% vs 36%, respectively). Notably, Andrici et al 30 only used immunohistochemistry, applied on tissue microarrays, to determine both BRAF mutational status and microsatellite instability status. Unfortunately, these authors did not report KRAS mutational status of their large series of mucinous adenocarcinomas. However, other series including any histological subtypes of colorectal adenocarcinomas have reported that KRAS mutation was more frequent in colorectal adenocarcinomas with extracellular mucinous component. 31, 32 From a histological point of view, this study shows that mucinous component per se, whatever its volume, has no definite value for determining molecular profile of colorectal carcinomas. However the combination of patterns such as growth pattern of mucinous component, presence of signet ring cells floating in mucin pools, component of signet ring cells infiltrating growth pattern, residual polyps at the edge of tumor, tumor-infiltrating lymphocytes, and Crohnlike reaction can help predict molecular clusters of colorectal carcinomas. These findings should be taken into account when establishing the histomolecular classification of colorectal carcinomas.
Hierarchical clustering analysis identified four main clusters of colorectal mucinous adenocarcinomas, which can be broadly defined as (i) BRAF-mutated mucinous adenocarcinomas, (ii) 'microsatellite instability-high null' mucinous adenocarcinomas, (iii) 'microsatellite stable null' mucinous adenocarcinomas, and (iv) KRAS-mutated colorectal adenocarcinomas. Notably, hierarchical clustering analysis led to distinguish a cluster of mucinous adenocarcinomas harboring BRAF mutation and a cluster of 'microsatellite instability-high null' mucinous adenocarcinomas harboring neither BRAF mutation nor KRAS mutation. The cluster of BRAF-mutated colorectal carcinomas included almost as many mismatch repair-proficient mucinous adenocarcinomas as mismatch repairdeficient colorectal mucinous adenocarcinomas. This cluster exhibited particular clinicopathological and molecular features such as their occurrence in older patients, essentially in females, and their location in right colon. A residual polyp was rarely detected at the edges of these colorectal mucinous adenocarcinomas, but when it did, this harbored conventional adenomatous dysplasia. These mucinous adenocarcinomas frequently harbored MLH1 promoter methylation in high level of mismatch repair deficiency setting or MGMT changes indicating low levels of mismatch repair deficiency and CpG island methylation phenotype. 33, 34 Finally, the more distinctive molecular pattern of this cluster of BRAF-mutated colorectal mucinous carcinoma was the constant low level of wnt/beta-catenin signaling activation in the tumor core, suggesting that BRAF mutation is mutually exclusive with wnt/ beta-catenin signaling pathway activation in colorectal mucinous adenocarcinomas. Finally, the poor disease-specific survival associated with older age at diagnosis together with BRAF Figure 5 Hierarchical clustering analysis of 'microsatellite instability-high null' mucinous adenocarcinomas. The tumors are grouped on the basis of the relatedness of KRAS and BRAF mutational status, nuclear beta-catenin expression, MGMT changes, MLH1 promoter gene methylation and MLH1, MSH2, or PMS2 expression. Then, the patients are sorted out according to their degree of relatedness in the selected profile. The dendograms show two dimensions of clustering, ie, the association between the biomarkers (top) and the association between the patients (left hand side). KRAS mutation, BRAF mutation, MGMT changes, MLH1 promoter gene methylation, nuclear betacatenin expression ≥ 50% of cells in tumor core and loss of MLH1, MSH2, or PMS2 expression are represented as bright red blocks; nuclear beta-catenin expression comprised between ≥ 10% and o50% is represented as dark red blocks; no KRAS mutation, no BRAF mutation, no MLH1 promoter gene methylation, no MGMT change, nuclear beta-catenin expression o10% in cells of tumor core and MLH1, MSH2, or PMS2 expression are represented as green blocks. The look-up in the right side of the figure details some clinicopathological features of the patients: first column, identification of the studied case; second column, gender and age at diagnosis of patients; third column: location of tumor; fourth column, contiguous precursor polyp if any, fifth column: associated colonic or extracolonic carcinomas and proved inherited colorectal cancer syndrome if any. 'microsatellite instability-high null' cluster appears clinically heterogeneous including patients with proved Lynch syndrome, patients with unproved suspected Lynch syndrome, patients with Lynch-like syndrome and unproved sporadic microsatellite instability-high serrated pathway-associated mucinous carcinomas. MGMT, O6-methylguanine-DNA methyltransferase.
Clusters of mucinous adenocarcinomas mutation regardless microsatellite instability status further justified distinguishing this cluster. Distinguishing such group of colorectal mucinous carcinomas gives to BRAF mutation a role of driver in mucinous adenocarcinomas. Currently, BRAF mutation is considered as an early oncogenic driver in the so-called serrated pathway of colorectal oncogenesis for which it represents a specific marker. 35 These findings lead to the conclusion that BRAF-mutated mucinous adenocarcinomas have the signature of serrated pathway of colorectal carcinomas. For serrated sessile adenomas with BRAF mutation destined to progress to carcinomas, the determinative event is CpG island methylation, causing bi-allelic suppression of MLH1, in microsatellite instability-high carcinomas. 31 The determinative events are less clear in microsatellite stable carcinomas. Notably, MGMT changes have been detected in the progression of serrated adenomas. 36, 37 'Microsatellite instability-high null' colorectal mucinous adenocarcinomas exhibited higher nuclear beta-catenin expression than BRAF-mutated colorectal mucinous adenocarcinomas. In this cluster, patients were younger and some of them had suspected or proved Lynch syndrome. Exon 3 betacatenin gene mutation was searched in patients with higher nuclear expression of beta-catenin and finally found in two patients with proved Lynch syndrome. Previous studies have indicated a relatively high frequency of pathogenic beta-catenin mutations in Lynch cancers. 22, 38 Like in our study, all pathogenic mutations reported were missense changes causing alterations of threonine at codon 41 or serine at codon 45. Johnson et al 22 have suggested that exon 3 beta-catenin mutation occur during or after progression of adenoma to carcinoma in Lynch syndrome. This cluster comprised no MLH1-deficient colorectal mucinous adenocarcinoma with MLH1 promoter methylation harboring KRAS mutation, a particular profile of BRAF wild-type MSI-H colorectal carcinomas recently described in association with conventional adenomas. 39 Conversely, such pattern was observed in the control group of adenocarcinoma with mucinous component. From a clinical point of view, this cluster of 'microsatellite instability-high null' mucinous adenocarcinomas is probably the most heterogeneous including unproved inherited colon cancer syndrome, Lynch-like colon cancer syndrome, and serrated pathway-associated mucinous adenocarcinomas.
Hierarchical clustering analysis identified two clusters exclusively constituted of microsatellite stable colorectal mucinous adenocarcinomas, only segregated by the detection of KRAS mutation. These two clusters shared many clinicopathological findings as well as many of the clinicopathological and demographic findings of the control group of adenocarcinomas, not other specified. These groups also reproduced many clinicopathological characteristics of the historic series of mucinous adenocarcinomas, 3, 4 ie, the association with contiguous villous or tubulo-villous adenomas and association with inflammatory bowel disease. Indeed, this group of mucinous adenocarcinoma was associated with contiguous polyp or at least another polyp or carcinoma elsewhere in the colon in 80% of cases. These mucinous adenocarcinomas were more frequently located in the left side and observed in male patients. However, even in bringing together these two groups of microsatellite stable colorectal adenocarcinomas, the rate of KRAS mutation remains significantly higher than in the control group of adenocarcinomas, not other specified, (75% vs 33%). Higher frequency of contiguous polyp at the edges of colorectal adenocarcinomas harboring KRAS mutation has been reported. 31 Interestingly, in the present study, although most of contiguous polyps were conventional adenomas arising via the APC mutation pathway, traditional serrated adenoma was sometimes observed at the edges of mucinous adenocarcinomas with KRAS mutation of the right colon, demonstrating the involvement of serrated pathway in some KRAS-mutated mucinous carcinomas. This is in accordance with a recent study reporting that 46% of traditional serrated adenomas with invasive carcinoma showed an extracellular mucinous component, lot of them harboring KRAS mutation. 40 The high frequency of MGMT changes (ie, loss of MGMT protein expression and / or MGMT promoter methylation) was a frequent pattern of KRAS-mutated mucinous adenocarcinomas. Like others, we have observed an imperfect concordance between the loss of protein expression using immunohistochemistry and MGMT promoter methylation. 34, 41 For this reason, we have chosen to integrate in hierarchical clustering analysis all the MGMT changes detected regardless their translation. The poor concordance can be secondary to various causes including methodology of methylation assay and alternative molecular mechanisms that regulate MGMT expression. For example, Halford et al 42 have described somatic missense MGMT gene mutation in colorectal carcinomas, accompanied in some cases by reduced or loss of MGMT expression. Some studies have reported that colorectal carcinomas harboring KRAS mutation was associated with particular molecular correlates including MGMT gene inactivation. In this regard, it has been suggested that MGMT inactivation leads to malignant progression of adenomas to carcinomas in combination with KRAS and TP53 mutations. 43, 44 Finally some authors found MGMT methylation to be associated with low level of microsatellite instability and CpG island methylation phenotype. 33, [45] [46] [47] It has been reported that inactivation of MGMT by methylation plays a role in several alternate pathways, including the KRAS-mutated traditional-serrated adenoma pathway, 48 described by Jass et al 49 as a fusion pathway.
The frequent MGMT inactivation in colorectal mucinous adenocarcinoma might open therapeutic perspectives for tumors developing naturally many drug resistances, ie, conventional cytotoxic chemotherapy 27, 50 and EFGR monoclonal antibodies. 51, 52 As MGMT exerts a central role in repairing alkylation-induced damage, 18 MGMT inactivation in BRAF and KRAS-mutated mucinous adenocarcinomas may indicate a high level of sensitivity to alkylating agents. It has been already documented that dacarbazine was active after failure of standard therapies in patients with metastatic colorectal carcinomas harboring inactivation of MGMT. 53, 54 However, responses of patients with mucinous adenocarcinoma to chemotherapy might vary not only owing molecular characteristics of tumor but also owing the markedly deficient physical properties of tumor microenvironment, including the mucus layer and poorly developed microvasculature preventing access of drugs to tumor cells. 55 In summary, mucinous adenocarcinomas belong to distinct clinicopathological clusters with epidemiological, prognostic, and therapeutic relevance. This study suggests that both KRAS and BRAF mutations play a major role as driver in the multiple alternate pathways governing progression of colorectal mucinous carcinomas, whatever (epi) genetic background. Larger series are required to refine the distinct clusters of mucinous adenocarcinomas based on histomolecular features.
